Helicobacter felis, Helicobacter bizzozeronii, and Helicobacter salomonis are frequently found in the gastric mucous membrane of dogs and cats. These large spiral organisms are phylogenetically highly related to each other. Their fastidious nature makes it difficult to cultivate them in vitro, hampering traditional identification methods. We describe here a multiplex PCR test based on the tRNA intergenic spacers and on the urease gene, combined with capillary electrophoresis, that allows discrimination of these three species. In combination with previously described 16S ribosomal DNA-based primers specific for the nonculturable "Candidatus Helicobacter suis," our procedure was shown to be very useful in determining the species identity of "Helicobacter heilmannii"-like organisms observed in human stomachs and will facilitate research concerning their possible zoonotic importance.
In 0.2 to 0.6% of human gastric biopsies, spiral-shaped organisms have been found instead of the frequently observed S-shaped Helicobacter pylori (4) . These organisms were first described as Gastrospirillum hominis but could not be cultivated (15) . Later on, the sequence of the bacterial 16S rRNA gene was determined, showing that these bacteria belonged to the genus Helicobacter, and the name "Helicobacter heilmannii" was proposed (31, 32) . Infection of the human stomach with "H. heilmannii" is usually accompanied by an active chronic gastritis that is generally less severe than in H. pylori-infected tissues. These nonpylori helicobacters have also been identified as a possible cause of acute gastric and duodenal ulceration (2, 3, 9, 10, 24, 29) , and they have been associated with gastric mucosa-associated lymphoid tissue lymphoma (33) . One study reported the coexistence of "H. heilmannii" infection and gastric carcinoma (37) .
Two types of "H. heilmannii" have been identified based on the 16S ribosomal DNA (rDNA) sequence of these organisms (31) . "H. heilmannii" type I was found to be closely related to porcine helicobacter-like organisms, named "Candidatus Helicobacter suis" (13, 14) . Until now, in vitro cultivation of these bacteria has not been successful. "H. heilmannii" type II was shown to be highly related to three Helicobacter species isolated from dogs and cats: H. felis, H. bizzozeronii, and H. salomonis. The first in vitro isolation of these spiral organisms was obtained in 1988 from the stomach of a cat. This large, tightly coiled organism with characteristic fibrils wrapped around the cell body, was named H. felis (25) . In the nineties, strains of two other species were isolated from cats and dogs. H. bizzozeronii was described as a large, tightly coiled spiral organism without periplasmic fibrils (18) , whereas H. salomonis was less spiral, had no periplasmic fibrils, and a more wave-like motion (21) . Infection of "H. heilmannii" has been observed in a human patient suffering from ulcers, and similar organisms were found in the stomach of his two cats. Sequencing of a 580-bp fragment of the ureB gene (encoding the urease B subunit) showed that one of the three sequences obtained from the human biopsy was 100% identical to the sequence from one of his cats. The other cat harbored an "H. heilmannii" strain with the same 580-bp ureB sequence as another human sequence found in GenBank (16) . In 1999, Andersen and coworkers succeeded in the first isolation of a "H. heilmannii" (type II) from human gastric mucosa. Later, this strain was identified as H. bizzozeronii (22) . This brought new evidence on the zoonotic potential of H. bizzozeronii and related species.
Because "H. heilmannii"-like organisms are very fastidious organisms to cultivate in vitro, a diagnostic test that is not based on cultivation of the organisms is needed. Polyphasic taxonomy studies showed that H. felis, H. bizzozeronii, and H. salomonis are both phenotypically and phylogenetically highly related, which hampers discrimination between them. A 16S rDNA-based PCR test has been described, but because of the very high similarity within this gene, this assay could not discriminate between the three species (12) . The 16S rDNA sequence of "Candidatus Helicobacter suis" shares only 96 to 97% of its sequence with those of H. felis, H. bizzozeronii, and H. salomonis. A "Candidatus H. suis"-specific PCR test based on this sequence has been developed (13) .
We describe here a simple and effective method to discriminate between the three closely related species isolated from dogs and cats. In combination with the primer pair described for "Candidatus H. suis" ("H. heilmannii" type I), this assay can be used to determine the species identity of "H. heilmannii"-related strains from humans without the need for culture. This species-specific multiplex PCR assay enables studies of large collections of biopsy samples and provides a new tool for assessment of the zoonotic potential of the canine and feline species H. felis, H. bizzozeronii, and H. salomonis.
MATERIALS AND METHODS
Bacterial strains. Fifteen reference strains (Table 1) belonging to the species Helicobacter felis, H. bizzozeronii, and H. salomonis and isolated from cats and dogs were used for the development of species-specific primers. Strains were grown on brain heart infusion agar (Oxoid, Basingstoke, England) containing 10% horse blood, 5 mg of amphotericin B/liter, Campylobacter selective supplement (Skirrow [Oxoid] containing 10 mg of vancomycin, 5 mg of trimethoprim lactate, and 2,500 U of polymyxin B/liter), and Vitox supplement (Oxoid).
Twenty-three other strains belonging to different Helicobacter and Campylobacter species and some related taxa were used to determine the specificity of the multiplex PCR assay and are listed in Table 2 .
Animals. Gastric biopsies were collected from 17 euthanized dogs (health status unknown) from a local animal shelter and from two pigs within 4 h after euthanization and slaughter, respectively. From each stomach region (fundus, corpus, and antrum), two biopsies were taken. One biopsy was used for urease testing by the CUTest (Temmler Pharma, Marburg, Germany): one tablet was dissolved in 500 l of distilled water, and the biopsy samples were incubated in the solution at 37°C. The test was regarded as positive when the solution turned red within 24 h. The other biopsy was used for touch cytology and for DNA extraction. Touch cytology slides were stained with the fast blood stain (Haemacolor) and interpreted by the same technician.
DNA isolation. DNA was extracted from cultured bacteria and from tissue samples by using the DNeasy Tissue kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer.
BSF-PCR. Primers CAR577f and CAR636r (Table 3) , which are complementary to the 16S rRNA genes of H. bizzozeronii, H. salomonis, and H. felis, were used to amplify a 78-bp fragment of this gene (12) . A PCR assay specific for H. bizzozeronii, H. salomonis, and H. felis (BSF-PCR) was used to detect DNA from these species in stomach biopsies from dogs. PCRs were performed in a volume of 25 l containing a final primer concentration of 0.1 M for each of the Final extension was performed for 5 min at 72°C. For agarose gel electrophoresis of the samples, 5 l of the PCR products was mixed with 2 l of 5ϫ sample buffer (50% glycerol, 1 mM cresol red) and run on an agarose gel consisting of 1.5% Multi-Purpose agarose (Boehringer, Mannheim, Germany) in 1ϫ TAE buffer (pH 8) and containing 50 ng of ethidium bromide per ml. The GeneRuler 100-bp DNA Ladder-Plus (MBI Fermentas, St. Leon-Rot, Germany) was used as a molecular size marker. Electrophoresis was carried out at room temperature and at a constant voltage of 7 V/cm in 0.5ϫ TAE buffer. PCR products were visualized using an UV transilluminator (Consort, Turnhout, Belgium).
Suis-PCR.
The "Candidatus Helicobacter suis" PCR test (Suis-PCR) was performed on DNA obtained from stomach biopsies from pigs. Primers V832f and V1261r (Table 3) were designed to detect a 456-bp fragment of the 16S rRNA gene from "Candidatus Helicobacter suis" (13) . Reaction vials contained a final concentration of 0.5 M of each primer, 40 M concentrations of each deoxynucleoside triphosphate (Amersham Pharmacia Biotech), 3 mM MgCl 2 , 0.03 U of polymerase Taq platinum (Invitrogen Life Technologies)/l, and 1ϫ PCR buffer (Invitrogen Life Technologies). The, 5 l of template DNA was added to the vials, and the volume was adjusted to 25 l. After an initial denaturation at 95°C for 3 min, the reaction mixtures were cycled 40 times under following conditions: 30 s at 94°C, 30 s at 60°C, and 45 s at 72°C. Final extension was for 5 min at 72°C. Agarose gel electrophoresis was carried out as described above.
tDNA-PCR and sequencing of tRNA intergenic spacers. tDNA-PCR was performed with the consensus primers T3B (labeled with the fluorescent marker TET) and T5A, under conditions described previously (5) . The PCR products were separated by means of capillary electrophoresis with the ABI Prism 310 genetic analyzer (Applied Biosystems, Lennik, Belgium). Lengths were determined by interpolation with an internal size standard mixture of GeneScan 500 ROX and GeneScan 400-HD ROX.
Agarose gel electrophoresis was carried out as described above. For each strain, the strongest band was cut out from the gel and purified by using the SNAP Gel Purification kit (Invitrogen Life Technologies). On these purified fragments, tDNA-PCR was performed again, using the TaqPCR Master Mix kit (Qiagen) containing Taq polymerase, buffer, MgCl 2 , and nucleotides, with a final 0.5 M concentration of primers T3B and T5A. After purification of the PCR products by using the QiaQuick PCR purification kit (Qiagen), the tRNA intergenic spacers amplified in tDNA-PCR were sequenced by using the same primers, T3B and T5A, and by using the BigDye Terminator cycle sequencing kit (Applied Biosystems). Sequencing products were purified from the excess dye terminator nucleotides by using the DyeEx purification kit (Qiagen). The sequencing products were electrophoresed by using the ABI Prism 3100 genetic analyzer.
PCR amplification and sequencing of partial urease genes. On the basis of the known urease gene sequences of H. felis (GenBank accession no. X69080), H. bizzozeronii (AJ130881 and AJ130883), H. salomonis (AJ130880 and AJ130882), and "H. heilmannii" (L25079) strains, primers UmF and UnR and primers UvF and UwR were designed to amplify a 1,770-bp and a 563-bp fragment of the ureB gene, respectively (Table 3) . PCRs were performed on strains H. felis CCUG 37471, H. bizzozeronii CCUG 35545 T , and H. salomonis CCUG 37845 T in a volume of 20 to 50 l containing 40 M concentrations of each deoxynucleoside triphosphate (Amersham Pharmacia Biotech), 3 mM MgCl 2 , 0.03 U of Polymerase Taq platinum (Invitrogen Life Technologies)/l, and 1ϫ PCR buffer (Invitrogen Life Technologies). After initial denaturation for 5 min at 95°C, reaction vials were cycled 35 times under the following conditions: 1 min at 94°C, 1 min at 52°C, and 1 min at 72°C. Final extension was performed at 72°C for 7 min. DNA template was diluted five times in the PCR mixture. After purification of the PCR products, their sequences were determined by using the same primers as used for the PCR. Sequences were aligned by using GeneBase (Applied Maths, St-Martens-Latem, Belgium).
Development of new species-specific primers. The sequences of the tRNA intergenic spacers of four strains are shown in Fig. 1 . Primer HT135R was developed complementary to nucleotides 161 to 180 of the H. pylori tRNA spacer (Table 3 and Fig. 1 ).
For strains CS1, CS2, CCUG 37471, CCUG 35545 T , Heydar, CCUG 37845 T , CCUG 37848, and Vilho, partial sequences of the ureB genes were determined with UvF and UwR primers, as described above. On the basis of these nucleotide sequences, primers Bi1F, Bi2R, Fe1F, and Fe3R were developed (Table 3 and Fig. 2) .
Multiplex PCR for the discrimination of Helicobacter spp. Primer T3B (TETlabeled) was combined with primer HT135R, a specific primer for Helicobacter complementary to the intergenic spacer that was sequenced. Primer Bi1F and primer Fe1F were labeled with the fluorescent markers HEX and NED (Applied Biosystems), respectively, to enable LASER-induced visualization of the PCR fragments during capillary electrophoresis on the ABI Prism 310. Primer V832f was fluorescently labeled with marker NED.
Primer pairs T3B(TET)-HT135R, Bi1F(HEX)-Bi2R, Fe1F(NED)-Fe3R, and V832f(NED)-V1281r were used simultaneously in one PCR mixture. PCRs were performed in a volume of 10 l containing a final primer concentration of 0.1 M for each of the oligonucleotides, 40 M concentrations of each deoxynucleoside triphosphate (Amersham Pharmacia Biotech), 3 mM MgCl 2 , 0.03 U of polymerase Taq platinum/l, and 1ϫ PCR buffer (Invitrogen Life Technologies). Next, 2 l of template DNA was added to the vials. After initial denaturation for 5 min at 95°C, reaction vials were cycled three times under the following conditions: 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C, followed by 35 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C. Final extension was performed at 72°C for 7 min.
For capillary electrophoresis, 1 l of PCR product was mixed with 12 l of T , and H. bizzozeronii CCUG 35545 T ) were grown in brain heart infusion broth supplemented with horse serum, amphotericin B, Skirrow antibiotics, and Vitox supplement as described above, to an optical density at 660 nm of 1, which corresponded to 10 8 bacteria, as counted microscopically (objective lens, ϫ100) with a Bürker counter chamber. The bacterial suspension was diluted in phosphate-buffered saline in 10-fold to 10 7 , 10 6 , 10 5 , 10 4 , 10 3 , 10 2 , 10 1 , and 10 0 bacteria, and DNA extraction was performed on each dilution. These DNAs were used as a template in the multiplex PCR. DNA from strains H. felis CS1, H. salomonis CCUG 37845 T , and H. bizzozeronii 12A was prepared by using a modified method of Pitcher (21) , and the concentration was measured by using the PicoGreen ds DNA quantitation kit (Molecular Probes, Leiden, The Netherlands). Tenfold dilutions of the DNA (ranging from 2.5 ng to 0.0025 fg of DNA/l) were used as a template in the multiplex PCR to determine the detection limit of the assay. Table 5 . Biopsies from one dog were negative in the urease test. No helicobacters were seen in these samples when analyzed by cytology. The antral biopsies from eight dogs tested negative for urease and cytology, whereas samples from corpus and fundus were positive. Six dogs showed positive urease tests in all stomach regions, but for one of them, no helicobacters were seen in the three biopsies analyzed by cytology. All samples that were positive in the urease test were colored red within 2 h. BSF-PCR was carried out on all stomach biopsies from 17 dogs to detect a group-specific fragment of the 16S rDNA from the species H. felis, H. bizzozeronii, and H. salomonis. All dogs were positive in the three stomach regions except for three dogs (H2, H3, and H8), for which the PCR was negative on DNA obtained from the antrum. The three canine strains had a strong fragment with a size of ca. 145 bp and a few smaller peaks. The H. pylori strain had a fragment of ca. 190 bp and some minor peaks. After agarose gel electrophoresis of the PCR products and purification from the gel, these fragments were sequenced (Fig. 1) .
RESULTS

Urease test, cytology, BSF-PCR, and Suis-PCR on stomach biopsies from dogs and pigs. The urease test, cytology, BSF-PCR, and Suis-PCR results on stomach biopsies from dogs and pigs are summarized in
The sequences revealed an insertion and/or deletion of only 1 to 4 bp between the canine strains. No other mutations were present. The H. pylori strain had a small insert of 8 bp and a larger insert of 36 bp. Primer HT135R was developed downstream of the insertion or deletion sites. A tail of seven randomly chosen base pairs was added at the 5Ј end of this oligonucleotide to eliminate the ϩA effect of the Taq polymerase enzyme.
The HT135R-tail primer was used in combination with primer T3B-TET. As expected, this PCR assay yielded amplicons differing only a few base pairs in length. The amplicon obtained from the H. salomonis strain had a length of 128 nucleotides. After capillary electrophoresis, a peak was observed at 134 bp. This discrepancy can be explained by the difference in migration speed caused by the molecular weight of the fluorescent markers. For the H. bizzozeronii strain the electropherogram showed a peak at 136 bp (for a 130-bp fragment), and for the H. felis strain the electropherogram showed a peak at 137 bp (for a 131-bp fragment).
From the DNA prepared from "Candidatus H. suis" positive porcine biopsies, a peak at 136.5 bp was obtained with the tRNA spacer primers T3B-HT135R. The length of this amplicon is not distinguishable from the amplicons obtained from H. bizzozeronii strains (136 bp) and H. felis strains (137 bp).
Urease genes ureAB. Sequences of the ureA and ureB genes were partially determined for strains H. felis CCUG 37471 and H. bizzozeronii CCUG 35545
T by using the primer pairs UmFUnR and UvF-UwR. Primer pair UmF-UnR did not yield an amplicon for strain H. salomonis Inkinen, suggesting that the urease gene complex sequence of H. salomonis varies at the annealing position of these primers. The urease genes of the strains listed in Table 1 were partially amplified with primers UvF and UwR, which were developed on the basis of sequences submitted to GenBank. Based on the sequences of these PCR products, specific primers were developed for the discrimination of H. felis and H. bizzozeronii from other helicobacters (Fe1F-Fe3R and Bi1F-Bi2R, respectively). Primer pair Fe1F-Fe3R yielded an amplicon of 438 bp for all H. felis strains tested. After capillary electrophoresis, the length of this fragment was determined to be 434 bp. For all other strains, no amplicon was obtained. PCR with primers Bi1F and Bi2R gave an amplicon of 374 bp (373 bp after capillary electrophoresis) for all H. bizzozeronii strains. All other strains were negative in this PCR. A schematic view of the ureAB genes and the primers is shown in Fig. 2 . All primers used in the present study are listed in Table 3 .
Multiplex PCR assay. The multiplex PCR assay was carried out as described above with DNA extracts from the strains listed in Table 1 . The peak values obtained for the different strains are given in Table 4 .
The specificity of the assay was determined by performing the test with DNA from 23 different strains, representing 8 Helicobacter species and 15 species belonging to related genera ( Table 2 ). H. pylori showed an expected 184-bp peak for the TET-labeled amplicon obtained with primer pair T3B-HT135R (see Fig. 1 ). Primer pair T3B-HT135R yielded an amplicon for some other helicobacters, but with different lengths compared to those obtained for the H. bizzozeronii, H. felis, and H. salomonis strains. Their calculated values after capillary electrophoresis are summarized in Table 2 . Primer pairs Bi1F-Bi2R, Fe1F-F3R, and V832f-V1261r did not yield an amplicon with the strains listed in Table 2 .
For strains H. felis CCUG 37471 and H. salomonis CCUG 37845 T , testing of sensitivity showed that samples containing at least 10 2 bacteria were positive in the PCR, whereas samples containing 10 bacteria or less were negative. For the H. bizzozeronii strain CCUG 35545 T , the sample containing 10 2 bacteria was positive for the 136-bp tRNA spacer amplicon but not for the 373-bp ureAB fragment. Samples containing 10 3 bacteria or more were positive for both fragments. The ureAB fragments generally showed lower peaks than the tRNA intergenic spacer fragments. Testing of 10-fold dilutions of DNA (ranging from 2.5 ng to 0.0025 fg of DNA/l) showed that all primer pairs could detect at least ϳ0.05 pg of genomic bacterial DNA.
Application of the multiplex PCR assay on stomach biopsies of dogs and pigs. The results of cytology, urease testing, BSF-PCR, and the multiplex PCR on the biopsies taken from different regions of the stomach (corpus, fundus, and antrum) are summarized in Table 5 .
Of 17 dogs tested, 10 dogs (H1, H2, H3, H4, H5, H7, H8, H11, H12, H13, H14, and H18) were positive for H. bizzozeronii, three of which were positive in antrum, fundus and corpus. One dog (H10) was positive for H. felis, but only in the fundus. Two other dogs (H5 and H11) had a mixed infection of H. As mentioned, the DNA prepared from "Candidatus H. suis"-positive porcine biopsies yielded a peak at 136.5 bp with the tRNA spacer primer pair T3B-HT135R. Primer pair V832f-V1261r gave an amplicon of 456 bp but, after capillary electrophoresis, a peak at 447 bp was obtained.
To exclude the possibility of primer competition, the four primer pairs were used in separate PCR mixtures. The peak intensities, indicating the number of amplicons, were similar when the primer pairs were used separately or in the multiplex PCR.
DISCUSSION
H. felis, H. bizzozeronii, and H. salomonis are three Helicobacter species commonly found in dogs and cats (23) . Phylogenetically, these species are highly related to each other. Sequences of the 16S rRNA genes of these species show Ͼ99% similarity. 16S rDNA sequence determination is therefore not sufficient for species identification (21) . Different identification methods have been evaluated for their discriminative capacity for these species. Whole-cell protein analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (23) and DNA-DNA hybridization experiments (21) allowed discrimination at the species level, but these methods are rather time-consuming, require quite a lot of expertise, and can only be performed on pure cultures.
tDNA-PCR was first described by Welsh and McClelland in 1991 (36) . This method makes use of universal primers that anneal to the edges of the tRNA genes and are directed outwardly to amplify the tRNA intergenic spacers. This mostly produces species-specific electrophoresis patterns, enabling identification by comparison of the patterns with a database constructed with well-characterized strains (5-7, 11, 26, 35) . Because the primers are complementary to highly conserved annealing sites, it is necessary to use this technique on pure cultures. Application on samples containing multiple bacterial species would result in an accumulation of patterns that would be too difficult to interpret. Because the canine and feline helicobacters are difficult to isolate in vitro, specific primers are needed to detect these organisms directly in tissue samples.
tDNA-PCR was applied here to strains belonging to the species H. felis, H. bizzozeronii, H. salomonis, and H. pylori. Some of the amplicons (tRNA intergenic spacers) were sequenced, and a specific primer was developed. In combination with one of the universal primers, it can be used for the detection of Helicobacter DNA in human or animal samples. Although the length of the amplicons obtained from H. felis, H. bizzozeronii, and H. salomonis differed only a few base pairs in length, this PCR can be applied for identification to the species level when capillary electrophoresis is used. This technology permits the separation of fragments differing by only 1 bp in length.
Because of the small differences in length between the PCR products obtained for H. felis, H. bizzozeronii, and "Candidatus H. suis," additional primers were developed (or, in the case of "Candidatus H. suis," a primer pair described earlier was used) to confirm species identification. As mentioned above, the species H. felis, H. bizzozeronii, and H. salomonis have very similar 16S rRNA gene sequences, and other genes have to be used for their discrimination. In the present study, ureAB genes were used. These genes encode the A and B subunits of urease, an enzyme that hydrolyzes urea into ammonia and carbon dioxide. Ammonia causes a pH increase, which allows helicobacters to survive in a highly acidic environment (27) (1, 8, 17, 30, 32) , and show more variability between these species than the rRNA gene sequences. tRNA primers and urease primers were used separately, as well as in a multiplex PCR. The peak intensity of the products did not enhance when the primer pairs were used separately, indicating that there is no competition between the primer pairs in the multiplex PCR. The results of the multiplex PCR test showed that the peak intensity (indicating the number of amplicons) was higher for the tRNA spacer PCR products than for the urease PCR products. Sensitivity testing confirmed that the tRNA spacer PCR is more sensitive than the urease PCRs, at least for H. bizzozeronii. For some of the canine samples tested, this resulted in a positive reaction for the tRNA spacer primers, yielding a 136-bp fragment typical for H. bizzozeronii but a negative reaction for the urease primers Bi1F and Bi2R. Probably, a low number (Ͻ10 3 ) of bacteria was present in these samples. BSF-PCR confirmed that the 136-bp fragment was derived from H. bizzozeronii DNA and not from "Candidatus H. suis" DNA. One dog (H9) was found to be negative in the multiplex PCR but positive in the BSF-PCR test. This discrepancy could be explained by the higher sensitivity of the BSF primers, which have been reported to detect 2 fg of DNA (12) . Urease testing and cytology were less sensitive and did not give any information about the species identity. Helicobacters were found less frequently in the antrum than in other regions of the stomach, a result which is in agreement with former studies (19, 20) .
The present multiplex PCR assay can be used to determine the species identity of "H. heilmannii"-like organisms from gastric biopsies of dogs, cats, pigs, and humans. Until now, human "H. heilmannii" strains have been classified as "H. heilmannii" type I, showing high 16S rDNA sequence similarity with gastric helicobacters from pigs (designated "Candidatus H. suis"), or as "H. heilmannii" type II, being highly related to the canine and feline helicobacters H. bizzozeronii, H. felis, and H. salomonis. A study of human gastric biopsies positive for "H. heilmannii" showed that 78% of the patients were infected with "H. heilmannii" type I and 2.4% of the patients were infected with "H. heilmannii" type II (34) . Another study showed that 50% of the "H. heilmannii"-infected human biopsies tested were positive in the BSF-PCR, and 15% were positive in the Suis-PCR (14) . Testing human biopsy samples with the multiplex PCR described here could give new information about the species identity of the "H. heilmannii" type II-like organisms detected in these samples. 
